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A useful model of the arterial system is the uniform, lossless tube with parametric load.
This tube-load model is able to account for wave propagation and reﬂection (unlike lumped-
parameter models such as theWindkessel) while being deﬁned by only a few parameters
(unlike comprehensive distributed-parameter models). As a result, the parameters may be
readily estimated by accurate ﬁtting of the model to available arterial pressure and ﬂow
waveforms so as to permit improved monitoring of arterial hemodynamics. In this paper,
we review tube-load model parameter estimation techniques that have appeared in the
literature for monitoring wave reﬂection, large artery compliance, pulse transit time, and
central aortic pressure. We begin by motivating the use of the tube-load model for para-
meter estimation. We then describe the tube-load model, its assumptions and validity,
and approaches for estimating its parameters.We next summarize the various techniques
and their experimental results while highlighting their advantages over conventional tech-
niques. We conclude the review by suggesting future research directions and describing
potential applications.
Keywords: arterial compliance, blood pressure and flow waveforms, central pressure, hemodynamic monitoring,
pulse wave velocity, tube-load model, transfer function, wave reflection
INTRODUCTION
Mathematical modeling of arterial hemodynamics has been long-
standing. Two basic modeling approaches have been employed:
forward modeling and inverse modeling. Forward modeling con-
cerns building a model based on physical principles to predict
data (i.e., estimating data from physical models with known para-
meters). This approach is useful for testing our understanding of
the physiology underlying arterial hemodynamics. On the other
hand, inverse modeling concerns building a model from observed
data (e.g., estimating model parameters by ﬁtting measured wave-
forms). Although less developed than its forward modeling coun-
terpart, this approach is becoming more and more important by
virtue of its ability to permit individualized monitoring of arterial
hemodynamics.
The available models may be divided into two classes: lumped-
parameter models and distributed-parameter models. The most
popular lumped-parameter model is the “Windkessel”model pro-
posed by Frank (Sagawa et al., 1990). It analogizes the arterial
system as a capacitor connected in parallel with a resistor. The
capacitor represents the large artery compliance,whereas the resis-
tor represents the total peripheral resistance. This two-parameter
Windkessel model can be extended to include additional cir-
cuit elements in order to improve accuracy (Stergiopulos et al.,
1999). Because Windkessel models are so simple, they are highly
suitable for parameter estimation purposes. That is, Windkessel
models are characterized by only a few parameters, which can
be readily estimated from the limited arterial waveforms typi-
cally available in practice. However, lumped-parameter models
assume inﬁnite pulsewave velocity and therefore cannot reproduce
wave propagation and reﬂection phenomena that are essential in
shaping these waveforms.
By contrast, distributed-parameter models can reproduce wave
propagation and reﬂection phenomena through ﬁnite pulse wave
velocity. Most often, distributed-parameter models represent the
arterial system using a one-dimensional simpliﬁcation of the
Navier–Stokes equation. These models usually account for both
geometrical and mechanical properties of the arteries explic-
itly as model parameters. Detailed distributed-parameter models
have been built that account for multi-level branching, elastic
and geometric tapering, and arterial terminations (Raines et al.,
1974; Avolio, 1980; Zagzoule and Marc-Vergnes, 1986; Wan et al.,
2002; Sherwin et al., 2003; Azer and Peskin, 2007; Huberts et al.,
2009). These comprehensive models can provide great accuracy.
However, the models cannot be readily applied for parameter esti-
mation purposes, because they are characterized by an excessive
number of model parameters that makes it virtually impossi-
ble to obtain unique parameter estimates from limited arterial
waveforms.
Less accurate, yet mathematically tractable, distributed-
parameter models have also been developed. These models usually
consist of multiple tubes with terminal loads in parallel. Often
times, the model comprises two such tubes and loads (“T-tube”
model). The tube represents thewave propagation path in the large
conduit arteries, whereas the load signiﬁes the wave reﬂection site
(e.g., arterial bed distal to a peripheral artery). The tube can be
elastically and/or geometrically tapered or uniform as well as lossy
(i.e., exhibits energy dissipation) or lossless, while the load can
be non-parametric (i.e., characterized without a model structure
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through a generic frequency response) or parametric. It turns
out that the simplest of these models, the uniform, lossless tube
with parametric load, is almost as accurate as the most compli-
cated of the models. Indeed, this model, which will henceforth be
referred to simply as the tube-loadmodel, is often able to ﬁt arterial
pressure and ﬂow waveforms remarkably well despite being char-
acterized by only a few parameters. Consequently, the tube-load
model carries advantages of both Windkessel and comprehensive
distributed-parameter models and therefore permits an attractive
platform for improved monitoring of arterial hemodynamics.
In this paper, we review tube-load model parameter estimation
techniques that have appeared in the literature for monitoring
wave reﬂection, large artery compliance, pulse transit time, and
central aortic pressure. We ﬁrst provide a detailed explanation
of the tube-load model and the estimation of its parameters. We
thendescribe the various techniques and their experimental results
while highlighting their advantages over conventional techniques.
Table 1 provides a summary of the techniques. We conclude the
review by suggesting future research directions and describing
potential applications.
TUBE-LOAD MODEL AND PARAMETER ESTIMATION
MODEL DESCRIPTION
Figure 1A illustrates the tube-load model. This model represents
the arterial system as a parallel connection of m uniform, loss-
less tubes with parametric loads. The meaning of the tubes and
loads depend on perspective. From the perspective of the central
(ascending) aorta, a tube represents the wave propagation path
through a segment of the aorta, whereas the load represents an
effective reﬂection site due to the entire arterial network distal
to the segment. For example, for the T-tube model in which m
is equal to two, the two effective reﬂection sites correspond to
the head-end and body-end arterial beds. The ﬂow through the
body-end tube represents the descending aortic ﬂow, whereas the
ﬂow through the head-end tube represents the difference between
central and descending aortic ﬂows. From the perspective of a
peripheral artery, on the other hand, a tube represents the wave
propagation path from the central aorta to the peripheral artery,
whereas the load represents the reﬂection site due to the arterial
bed distal to the peripheral artery. In this case, m is equal to the
number of peripheral arteries. The ﬂow at the proximal end of
Table 1 | Summary of available tube-load model parameter estimation techniques for monitoring arterial hemodynamics.
Monitored
variable
References Tube
type
Load
type
Parameter estimation Advantages over
previous techniques
Wave
reﬂection
Burattini and
Campbell (1989)
T-tube Type II Central aortic pressure waveform ﬁtted in response to
central aortic ﬂow waveform
Validated forward and backward waves
Arterial ﬂow waveform and external
perturbations not required
Burattini et al.
(1991)
T-tube Type II Central and descending aortic ﬂow waveforms ﬁtted
in response to central aortic pressure waveform
Accuracy via use of all waveform
frequencies
Swamy et al.
(2010)
1 tube Type III Different combinations of central and femoral arterial
pressure waveforms ﬁtted to each other
Detailed aspects of wave reﬂection
phenomena revealed
Large artery
compliance
Campbell et al.
(1990)
T-tube Type II Central aortic pressure waveform ﬁtted in response to
central aortic ﬂow waveform
External perturbation not required
Central aortic ﬂow waveform ﬁtted in response to
central aortic pressure waveform
Central and descending aortic ﬂow waveforms ﬁtted
in response to central aortic pressure waveform
Burattini and
Campbell (1993)
T-tube Type I Central and descending aortic ﬂow waveforms ﬁtted
in response to central aortic pressure waveform
Accuracy by accounting for wave
reﬂectionType II
Type III
Shroff et al.
(1995)
T-tube Type II Central and descending aortic ﬂow waveforms ﬁtted
in response to central aortic pressure waveform
Pulse transit
time
Xu et al. (2010),
Zhang et al. (2011)
1 tube Type I Central aortic pressure waveform ﬁtted in response to
femoral arterial pressure waveform
True pulse transit time in the absence of
wave reﬂection revealed
Robustness to waveform artifact
Hahn et al. (2010) T-tube Type II Femoral arterial pressure waveform ﬁtted in response
to radial arterial pressure waveform (or vice versa)
Central aortic waveform not required
Central
aortic
pressure
Hahn et al.
(2009a)
T-tube Type II Femoral arterial pressure waveform ﬁtted in response
to radial arterial pressure waveform (or vice versa)
Accuracy by adapting to the
inter-subject and temporal variability
of the arterial treeSwamy et al.
(2009)
1 tube Type I Femoral arterial ﬂow waveform ﬁtted to zero during
diastole in response to femoral arterial pressure
waveform
Hahn et al. (2008) 1 tube Type II Derivative of central aortic pressure waveform ﬁtted
to zero in response to derivative of radial arterial
pressure waveform at high sampling rate
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a tube is not measurable. It represents the component of central
aortic ﬂow that reaches a peripheral artery. However, the sum of
the ﬂows at the proximal end of all tubes corresponds to the total
central aortic ﬂow.
The ith tube is of length di and has constant characteristic
impedance Zci =,
√
li/ci , where li and ci are the large artery
inertance and compliance, respectively. Pressure and ﬂow waves
propagate with constant time delay Ti =
√
li · ci from one end
of the tube to the other. Note that this time delay corresponds to
pulse transit time and that its governing equation arises from the
Bramwell–Hill equation (Bramwell, 1922). The mean value of the
waves is constant throughout the tube.
The ith load has frequency-dependent impedance ZLi(jω),
where j is the imaginary number and ω is the frequency, that
is characterized by a pole–zero structure. Figure 1B shows three
types of commonly used loads along with the speciﬁc form of
their ZLi(jω). The Type I and Type II loads are three-parameter
Windkessel models. These models account for the resistance R
and compliance C of the effective load or peripheral resistance
and compliance (depending on perspective) while matching the
tube impedance at inﬁnite frequency per arterial input impedance
studies (Noordergraaf, 1978; Nichols and O’Rourke, 2005). The
Type III load is a generic pole–zero model. A principal advantage
of this type of model is that it allows a ﬂexible system order rather
than being ﬁxed to ﬁrst-order as with its Type I and Type II coun-
terparts. The disadvantage is that it has no physiologic meaning.
As a result, its coefﬁcients are neither dependent on each other nor
constrained as they are with the Type I and Type II loads. For any
load, the wave reﬂection coefﬁcient at the ith load is given by the
following relationship involving tube and load impedances:
Γi
(
jω
) = ZLi (jω)− Zci
ZLi
(
jω
)+ Zci . (1)
FIGURE 1 | (A)The tube-load model with arbitrary load. (B)Three types of commonly used loads along with their corresponding impedances and reﬂection
coefﬁcients. See text for complete model details.
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Qualitatively, pressure and ﬂow waves propagate in the forward
direction (proximal to distal tube ends) along a tube without
distortion and are proportional to each other. These waves are
reﬂected in the opposite direction at the load due to the imped-
ance mismatch [Zci =ZLi(jω)]. The resulting backward pressure
and ﬂow waves likewise propagate along the tube without distor-
tion and are proportional to each other but have opposite sign.
The actual arterial pressure and ﬂow waveforms at any point on
the tube then arise as the sum of the forward and backward propa-
gating waves shifted in time to account for their wave propagation
time to the point of interest.
Quantitatively, pressure and ﬂow waves on a tube are related
through its characteristic impedance as follows:
Qfi
(
x , jω
) = Pfi (x , jω)
Zci
, Qbi
(
x , jω
) = −Pbi (x , jω)
Zci
. (2)
Here, Pfi(x, jω) and Pbi(x, jω) are forward and backward prop-
agating pressure waves in the frequency-domain at a point x on
the ith tube, and Qfi(x, jω) and Qbi(x, jω) are the correspond-
ing ﬂow waves at the same point. Note that the forward waves
actually represent the sum of all waves propagating from the prox-
imal to distal tube ends (i.e., the incident wave from the heart
and the backward waves re-reﬂected at the heart), while the back-
ward waves may be interpreted analogously. Also, note that x= 0
and x= di correspond to the distal and proximal ends of the tube,
respectively.
The forward and backward waves at a distal tube end are related
to each other through the wave reﬂection coefﬁcient as follows:
Pbi
(
0, jω
) = Γi (jω) · Pfi (0, jω) . (3)
The forward and backward waves at any point on a tube may be
expressed in terms of the corresponding waves at the distal tube
end as follows:
Pfi
(
x , jω
) = Pfi (0, jω) ejωTi ·x/di
Pbi
(
x , jω
) = Pbi (0, jω) e−jωTi ·x/di , (4)
where the exponential term is the frequency-domain time shifting
operator.
By combining Eqs 2–4, the actual arterial pressure and ﬂow
waveforms at any point on a tube may then be expressed in terms
of the forward and backward waves as follows:
Pi
(
x , jω
) = Pfi (x , jω)+ Pbi (x , jω)
= Pfi
(
0, jω
) · [ejωTi ·x/di + Γi (jω) e−jωTi ·x/di ]
Qi
(
x , jω
) = Qfi (x , jω)+ Qbi (x , jω)
= Pfi
(
0, jω
)
Zci
·
[
ejωTi ·x/di − Γi
(
jω
)
e−jωTi ·x/di
]
,
(5)
where Pi(x, jω) and Qi(x, jω) are the arterial pressure and ﬂow
waveforms in the frequency-domain at point x on the ith tube.
Due to the parallel connection of the model, the central aortic
pressure waveform is identical to the arterial pressure waveforms
at each proximal tube end, whereas the central aortic ﬂow wave-
form is the sum of all ﬂow waveforms at the proximal tube ends
as follows:
P
(
jω
) = Pi (di , jω ) = Pfi (0, jω) [ejωTi + Γi (jω) e−jωTi ]
Q
(
jω
) = ∑m
i=1 Qi
(
di , jω
)
=
∑m
i=1
{
Pfi
(
0, jω
)
Zci
·
[
ejωTi + Γi
(
jω
)
e−jωTi
]}
,
(6)
where P(jω) and Q(jω) are the central aortic pressure and ﬂow
waveforms in the frequency-domain.
Finally, Eqs 5 and 6 may be given explicitly in terms of the tube-
load model parameters by substituting a Γ(jω) from Figure 1B
into these equations.
ASSUMPTIONS AND VALIDITY
Assumptions of the tube-load model include: (a) wave propaga-
tion without energy loss in large conduit arteries, (b) a load char-
acterized by a few parameters, and (c) non-interacting reﬂections
occurring at distal sites only by virtue of neglecting elastic and
geometric tapering and multi-level branching. Assumption (a) is
quite valid. Friction in the large conduit arteries is indeed neg-
ligible, because resistance is inversely proportional to the fourth
power of the vessel radius. Pressure loss in the descending aorta,
for example, has been shown to be trivial (Burattini and Campbell,
2000). Assumption (b) is justiﬁable based on empirical data. That
is, while the actual load is certainly complicated with many para-
meters needed for its representation, the arterial input impedance
computed with the tube-load model has been shown to match
that determined with standard non-parametric Fourier analysis
(Burattini and Campbell, 1989, 1993). Note, however, that an even
simpler purely real load may not be supported by empirical data
(Burattini and Campbell, 2000). Assumption (c) is the least ten-
able but can be defended to some extent. The arterial terminations
do often constitute the dominant reﬂection sites for two reasons.
First, they pose the greatest impedance mismatch, as the radius
of the arterioles is much smaller than that of proximal arteries
(Pappano et al., 2007). Second, vessel tapering tends to be offset
by vessel branching in the forward direction so as to achieve rel-
ative impedance matching (Noordergraaf, 1978). In addition, the
tube-load model has been shown to ﬁt experimental waveforms
almost as well as an exponentially tapered version of the model
(Fogliardi et al., 1997). On the other hand, backward waves should
experience strong re-reﬂections as they return to the heart due
to necessarily signiﬁcant impedance mismatches in the backward
direction (Noordergraaf, 1978). Further, the multiple reﬂected
waves that return from distal sites actually interact in the aorta
due to multi-level branching.
In short, the tube-load model has a physiologic foundation
but does ignore aspects of actual arterial hemodynamics. Despite
its simplicity, it is able to ﬁt experimental arterial pressure and
ﬂow waveforms remarkably well. Figure 2 illustrates major wave-
form phenomena that the model can predict. This ability to ﬁt
experimental data provides further validation of the tube-load
model and suggests that it may be phenomenological in addition
to physiological.
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FIGURE 2 | Experimental arterial pressure and flow waveforms with
increasing distance from the heart. Reproduced from Nichols and
O’Rourke (2005).
PARAMETER ESTIMATION
Most often, estimating the tube-load model parameters is accom-
plished by casting the governing equations into a transfer function.
The transfer function relating a pair of arterial pressure and/or
ﬂow waveforms at any points on a tube may be obtained based on
Eq. 5. For example, using the T-tube model with Type II load, the
transfer function relating the central aortic pressure waveform to
the central aortic ﬂow waveform is given as follows:
Qi
(
di , jω
) = Hi (jω) · P (jω)
= 1
Zci
ejωTi − Γi
(
jω
)
e−jωTi[
ejωTi + Γi
(
jω
)
e−jωTi
] · P (jω)
= 1
Zci
[
(Ri + Zci) ejωTi − (Ri − Zci) e−jωTi
]
+jωCiZci
[
(2Ri + Zci) ejωTi + Zcie−jωTi
][
(Ri + Zci) ejωTi + (Ri − Zci) e−jωTi
]
+jωCiZci
[
(2Ri + Zci) ejωTi − Zcie−jωTi
] · P
(
jω
)
i = 1 or 2. (7a)
Q
(
jω
) = [H1 (jω)+ H2 (jω)] · P (jω) . (7b)
As another example, using the Type I load, the transfer func-
tion relating the central aortic pressure waveform to a peripheral
arterial pressure waveform is given as follows:
Pi
(
0, jω
) = 1 + Γi (jω)
ejωTi + Γi
(
jω
)
e−jωTi
· P (jω)
= jω+
1
RiCi
+ 1ZciCi(
jω+ 1RiCi + 12ZciCi
)
ejωTi + 12ZciCi e−jωTi
· P (jω) . (8)
The former transfer function is deﬁned by the eight unknown
parameters of the T-tube model. However, while the latter transfer
function includes all four unknown model parameters of a sin-
gle tube and load, only three aggregate parameters are actually
observable (Ti, RiCi and ZciCi). Thus, all four parameters can-
not be estimated, but identiﬁcation of the transfer function is
simpliﬁed to a three-parameter problem.
Estimationof theobservablemodel parameters is accomplished
in two steps. First, arterial pressure and ﬂow waveforms corre-
sponding to the input and output of the transfer function of
interest are measured. Then, the parameters are estimated by ﬁnd-
ing the transfer function, which when applied to the measured
input, optimally ﬁts the measured output. Alternatively, in some
instances, the parameters of the transfer function may be opti-
mally estimated using a priori physiologic knowledge (see Pulse
Transit Time Monitoring and Central Aortic Pressure Monitor-
ing). The advantage of this alternative is to reduce the burden
on the required waveform measurements. In either case, para-
meter estimation is usually performed in the time-domain by
converting the transfer function into a recursive difference equa-
tion, and the optimality is typically established in the least squares
sense.
The step of estimating the tube-load model parameters is actu-
ally quite challenging. First, the transfer functions are not simply
linear in distinct parameters. For example, as can be ascertained
from Eqs 7 and 8, the transfer functions are non-linear in the Ti
(pulse transit time) parameter. Second, the parameter values have
numerical constraints. For instance, the characteristic impedance
should be smaller than the peripheral resistance, and all para-
meters must be positive and not exceed physiologic bounds. For
these two reasons, straightforward parameter estimation tech-
niques with analytical solutions are generally not applicable. The
parameters are instead typically estimated via numerical search
in which the needed global optimum cannot be guaranteed. Use
of brute-force methods that search over a discretized grid in
multi-dimensional parameter space increases the likelihood of
identifying the global optimum at the expense of substantial com-
putational time. On the other hand, use of available local search
methods such as the steepest descent method, conjugate gradient
method, Newton’s method and its Levenberg–Marquardt modi-
ﬁcation, and simplex method (possibly with penalty factors for
keeping the parameters within physiologic bounds; Ljung, 1999)
require little computational time, but the global optimum is sel-
dom found without an initial guess that resides near the global
optimum. This problem is often mitigated by employing mul-
tiple, initial guesses and then choosing the solution that repre-
sents the optimum amongst the multiple solutions of the local
search method. However, the computational time will obviously
increase with the number of initial guesses. Another practical
issue is that the upper physiologic bounds on the parameters
are often unclear. However, the challenge of parameter estima-
tion can be alleviated to some degree by direct measurement
of one or more parameters, especially pulse transit time and
load resistance (Campbell et al., 1990; Burattini and Campbell,
1993; Hahn et al., 2009a; Swamy et al., 2009). Despite these chal-
lenges, asymptotic variance analysis has shown that the conﬁdence
intervals on the parameters estimates can be tight (Hahn et al.,
2009a).
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WAVE REFLECTION MONITORING
SIGNIFICANCE
The magnitude and timing of the backward wave relative to the
forward wave in the central aorta can materially impact cardiac
afterload and myocardial perfusion. For example, a signiﬁcant
reﬂected wave returning early from distal sites to the aorta during
systole can impede stroke volume, whereas such a wave arriving
later during diastole can augment myocardial perfusion. It would
therefore be useful to be able to precisely monitor wave reﬂection.
PREVIOUS TECHNIQUES
Several techniques are available to separate arterial pressure and
ﬂow waveforms into their forward and backward wave compo-
nents. The most popular of these techniques (Westerhof et al.,
1972) models the proximal aorta as a short, uniform, lossless tube.
The tube characteristic impedance is then estimated from mea-
sured central aortic pressure and ﬂow waveforms as the average
magnitude of the high frequency arterial input impedance. Finally,
the forward and backward pressure waves in the tube are calcu-
lated from the central aortic pressure and ﬂow waveforms and the
characteristic impedance by adding pressure waves and subtract-
ing ﬂow waves (i.e., solution of two equations with two unknowns
that arise from Eqs 2 and 5).
A couple of techniques are also available to calculate forward
and backward waves from arterial pressure waveforms alone. The
most interesting of these techniques (Newman et al., 1979) mea-
sures an arterial pressure waveform before and after complete
occlusion of a distal artery. The backward pressure wave is then
determined as half of the waveform obtained after the occlusion.
Finally, the forward pressure wave is determined by subtract-
ing this backward wave from the waveform obtained before the
occlusion.
While these techniques have shed light on wave reﬂection phe-
nomena, they have several disadvantages. First, it is generally
difﬁcult to validate the calculated waves against reference mea-
surements. Indeed, to our knowledge, the techniques have yet to
be validated in this way. Second, these techniques require either
an arterial ﬂow waveform, which is more difﬁcult to measure than
arterial pressure waveforms, or an experimental perturbation and
are therefore not convenient to implement. Third, the estimation
of characteristic impedance can be problematic. For example, the
waveforms usually lack sufﬁcient high frequency content. Finally,
detailed aspects of wave reﬂection phenomena such as the loca-
tion of the effective reﬂection sites cannot be ascertained with
these techniques.
TUBE-LOAD MODEL PARAMETER ESTIMATION TECHNIQUES
Wave reﬂection can be readily monitored using tube-load model
parameter estimation techniques. Once the model parameters are
estimated from measured waveforms, the forward and backward
waves can be determined. In particular, based on Eq. 5, the forward
wave canbe calculated from theparameter estimates andmeasured
waveforms using standard deconvolution methods (Proakis and
Manolakis, 2007). Then, according to Eq. 3, the backward wave
can be computed from the forward wave and parameter estimates
via convolution. Because these techniques are based on a model
of the arterial system, they are able to overcome the disadvantages
of the previous techniques enumerated above. First, the calcu-
lated waves can be validated in terms of their ability to predict a
reference arterial pressure or ﬂow waveform not utilized for para-
meter estimation (by adding or subtracting the waves after time
shifting to account for the wave propagation time to the refer-
ence measurement site). Second, the waves can be calculated from
only arterial pressure waveforms obtained without any external
perturbation. Third, the model parameters can be estimated more
accurately by the analysis of all waveform frequencies. Finally, the
model parameters reveal detailed aspects of wave reﬂection phe-
nomena. These advantages come at the cost of using a model
that is not entirely correct (see Tube-Load Model and Parameter
Estimation).
Burattini and Campbell (1989) calculated forward and back-
ward waves from central aortic pressure and ﬂow waveforms,
validated the waves, and estimated the locations of the effective
reﬂection sites. The authors speciﬁcally utilized the T-tube model
with Type II load. They determined the load resistance parame-
ters from measured total peripheral resistance and an assumed
ratio of the head-end to body-end arterial ﬂows. Then, based on
Eq. 7b, they estimated the remaining six parameters by ﬁtting
the central aortic pressure waveform in response to the central
aortic ﬂow waveform. The waveform ﬁtting was always satisfac-
tory. From the model parameter estimates and Eq. 7a, they also
predicted the descending aortic ﬂow waveform. This prediction
is equivalent to subtracting the calculated forward and backward
waves at the proximal end of the body-end tube. Figure 3 illus-
trates that the predicted waveform corresponded quite well to the
measured descending aortic ﬂow waveform. The authors analyzed
the validated forward and backward waves. A prominent oscil-
lation observed in the central aortic pressure waveform during
diastole was caused by reﬂection from the body-end. Based on
phase velocity estimated with the descending aortic ﬂow wave-
form, the effective body-end reﬂection site is located at abdom-
inal aorta. Finally, the effective head-end reﬂection site is closer
to the heart and responsible for reﬂection during late systole.
Later, these authors (Burattini and Campbell, 1993) would con-
ﬁrm that the abdominal aorta represents the effective body-end
reﬂection site using similar techniques and further validate the
FIGURE 3 | Descending aortic flow waveforms measured (line with
crosses) and predicted (solid line) from central aortic pressure and
flow waveforms. Adapted from Burattini and Campbell (1989).
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waves via prediction of the waveform at this site (see Large Artery
Compliance Monitoring).
Burattini et al. (1991) calculated forward and backward waves
to investigate the existence of two distinct reﬂection sites. The
authors speciﬁcally used the T-tube model with Type II load and
measured the load resistance parameters. Based on Eq. 7a, they
estimated the remaining sixmodel parameters byﬁtting the central
and descending aortic ﬂow waveforms in response to the central
aortic pressure waveform. Three waveforms were used in accor-
dance with an earlier study by the authors (Campbell et al., 1990;
see Large Artery Compliance Monitoring). They analyzed the for-
ward and backward waves when a diastolic oscillation was present
and absent in the central aortic pressure waveform. Two effec-
tive reﬂection sites could explain either case. When the diastolic
oscillation was present, both reﬂection sites were needed to ﬁt the
oscillation. When this oscillation was absent, the backward waves
from the head-end and body-end either canceled each other out
or superimposed on each other to appear as a single backward
wave. In this case, one tube and load sufﬁced in ﬁtting the cen-
tral aortic pressure waveform. Figure 4 illustrates the forward and
backward waves calculated during both cases. In short, there are
two reﬂection sites, but they can sometimes appear as one to the
heart.
Swamy et al. (2010) calculated forward and backward waves
from just two arterial pressure waveforms and validated the result-
ingwaves during diverse hemodynamic interventions. The authors
speciﬁcally employed a single tube with Type III load to relate cen-
tral aortic and femoral arterial pressure waveforms and used the
foot-to-foot detection technique to estimate the pulse transit time
parameter (see Pulse Transit Time Monitoring). They re-cast Eq.
5 with Type III load to the following form:
Pi
(
0, jω
)
ejωTi − P (jω)︸ ︷︷ ︸
Y (jω)
= Γi
(
jω
) · P (jω)− Pi (0, jω) e−jωTi︸ ︷︷ ︸
X(jω)
Di
(
jω
) · Y (jω) = Ni (jω) · X (jω) . (9)
FIGURE 4 | Measured central aortic pressure waveforms and forward and backward pressure waves in the central aorta (PF and PB) calculated from
central aortic pressure and flow and descending aortic flow waveforms. Adapted from Burattini et al. (1991).
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The waveforms X(jω) and Y (jω) can be easily constructed
from the measured waveforms. Given these constructed wave-
forms, Eq. 9 may be regarded as linear in distinct parameters
for one-step ahead ﬁtting (i.e., ﬁtting the output in response to
the past values of the input and output rather than ﬁtting the
entire output in response to the input as described in Tube-Load
Model and Parameter Estimation). They therefore employed stan-
dard autoregressive exogenous input identiﬁcation (Ljung, 1999)
to analytically estimate the parameters as well as to determine
the order of the wave reﬂection coefﬁcient and thus the load
(see Figure 1B). Rather than using standard deconvolution to
calculate two versions of the forward wave from Eq. 5 and each
arterial pressure waveform, they computed a single, optimal for-
ward wave from both waveforms using multi-channel linear least
squares deconvolution (Abed-Meraim et al., 1997). From the cal-
culated forward and backward waves, the authors predicted the
abdominal aortic pressure and femoral arterial ﬂow waveforms
(wherein the appropriate time shift was established by again using
the foot-to-foot detection technique to estimate the pulse tran-
sit time between the corresponding measured waveform and the
femoral arterial pressure waveform). Figures 5A,B illustrate that
the predicted waveforms agreed well with the corresponding mea-
sured waveforms. As further validation, Figure 5C shows that the
magnitude of the backward wave relative to the forward wave
correctly increased during vasoconstriction and decreased during
vasodilation. Finally, the estimated load order was second-order
on average. This ﬁnding indicates that the ﬁrst-order Types I and
II loads are reasonable choices.
LARGE ARTERY COMPLIANCE MONITORING
SIGNIFICANCE
Large artery compliance characterizes arterial stiffness. Thedecline
in this parameter is a major part of the degenerative changes that
occur in aging and arterial disease (Haynes et al., 1979; Bene-
tos et al., 1993; Van Bortel and Spek, 1998; Lévy, 2001). Indeed,
in hypertension, the age-matched increase in pulse pressure is
mainly due to a decrease in large artery compliance caused in
part by intrinsic alteration of the arterial wall (London et al., 1989;
Reneman and Hoeks, 1995). Thus, large artery compliance is of
great clinical value. For example, it has been shown to be able
to sensitively discriminate the severity of coronary artery disease
(Waddell et al., 2001), and early recognition of abnormal compli-
ance may favor patients at risk for arterial disease (Glasser et al.,
1998). In addition, the ability to monitor large artery compli-
ance is important for advancing the understanding of its role in
pathophysiology.
PREVIOUS TECHNIQUES
The gold standard technique for monitoring large artery compli-
ance is to measure aortic volume (or cross-sectional area) and
pressure during an external perturbation (e.g., vena cava balloon
occlusion) and then determine the slope of the line that best relates
the resulting changes in volume to pressure. However, this tech-
nique is difﬁcult to implement. More convenient techniques are
available in which large artery compliance is estimated from arter-
ial pressure and ﬂow waveforms without the need for any external
perturbation. The simplest of these techniques is the ratio of the
stroke volume to pulse pressure (Hamilton and Remington, 1947).
Another popular technique is the diastolic decay time method
in which the RC time constant of the Windkessel model is esti-
mated from an arterial pressure waveform during diastole and
then divided by the ratio of the average arterial pressure to cardiac
output (Sagawa et al., 1990). However, these waveform analysis
techniques are subject to limited reliability, because they neglect
wave reﬂection phenomena.
TUBE-LOAD MODEL PARAMETER ESTIMATION TECHNIQUES
Large artery compliance can also be monitored from pressure
and ﬂow waveforms using tube-load model parameter estima-
tion techniques. These techniques speciﬁcally calculate large artery
compliance by dividing the estimated pulse transit time para-
meter (Ti =
√
li · ci) by the estimated characteristic impedance
parameter (Zci =
√
li/ci). Their obvious advantage over the pre-
vious waveform analysis techniques is taking wave reﬂection into
account.
Campbell et al. (1990) compared large artery compliance and
other parameter estimates of different waveform analysis tech-
niques during three vasoactive states. The authors speciﬁcally used
the T-tube model with Type II load and measured the load resis-
tance parameters. Based on Eq. 7, they estimated the remaining
six model parameters by ﬁtting (a) the central aortic pressure
waveform in response to the central aortic ﬂow waveform, (b)
the central aortic ﬂow waveform in response to the central aor-
tic pressure waveform, and (c) the central and descending aortic
ﬂow waveforms in response to the central aortic pressure wave-
form. In all cases, the model was able to ﬁt the waveforms well.
Figure 6A illustrates an example of the waveform ﬁtting. However,
tight conﬁdence intervals on the parameter estimates were only
obtained when all three waveforms were analyzed. They justiﬁed
this ﬁnding by arguing that the descending aortic ﬂow waveform
carries additional information revealing distinct reﬂection char-
acteristics associated with the body-end arterial system and thus
advocated the use of three waveforms for estimating the T-tube
model. Further, the resulting large artery compliance estimates
(andother parameter estimates)were consistentwith knownphys-
iology. That is, the body-end compliance was greater than the
head-end compliance. Indeed, the body-end consists of the most
compliant arterial vessels (e.g., thoracic aorta) and has a greater
vascular network. In addition, both compliances decreased with
vasoconstriction and increased with vasodilation, as expected.
Finally, Figure 6B shows that the sum of the two compliances
was consistently smaller than that estimated with the Windkessel
model during the three vasoactive states. Thus, accounting for
wave reﬂection does make a difference in estimating large artery
compliance.
Burattini and Campbell (1993) validated the large artery com-
pliance estimates against gold standard reference measurements.
The authors speciﬁcally estimated the parameters of the T-tube
model with all three load types by ﬁtting the central and descend-
ing aortic ﬂowwaveforms in response to the central aortic pressure
waveform as per Campbell et al. (1990). They then used pulse
wave velocity measurements via the foot-to-foot detection tech-
nique (see Pulse Transit Time Monitoring) to conclude that the
distal end of the body-end tube corresponds to the abdominal
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FIGURE 5 | (A) Abdominal aortic pressure waveforms measured (solid) and
predicted (dash) from central aortic and femoral arterial pressure waveforms
(left) and the raw central aortic and femoral arterial pressure waveforms
(center and right). (B) Femoral arterial ﬂow measured (solid) and predicted
(dash; after a single calibration) from central aortic and femoral arterial
pressure waveforms during several interventions. (C) Measured central aortic
[Pc(t ), solid] and femoral arterial [Pp(t ), dash] pressure waveforms (upper) and
forward [Pf(t ), solid] and backward [Pb(t ), dash] waves in the central aorta
(lower) calculated from the measured waveforms. Adapted from Swamy et al.
(2010).
aorta. The estimated compliance of the body-end tube was very
close to the reference measurements obtained from the aortic
arch to the abdominal aorta (123± 20× 10−6 g −1 cm−4 s2 ver-
sus 119± 10× 10−6 g−1 cm−4 s2). On the other hand, they did
not ﬁnd physiologic meaning in the compliance estimates of the
load model and therefore advocated the use of the Type III load.
The authors also validated the model as a whole by predicting the
abdominal aortic pressure waveform from the model parameter
estimates and Eq. 8 for the body-end tube and load (see Wave
Reﬂection Monitoring). The predicted waveform was in good
agreementwith the pressurewaveformmeasured at the abdominal
aorta.
Shroff et al. (1995) investigated the ability of the model para-
meter estimates to track changes during local as well as global
interventions, with emphasis on arterial compliance. The authors
employed the same parameter estimation technique as Campbell
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FIGURE 6 | (A) Measured central aortic pressure and ﬂow and descending
aortic ﬂow waveforms (solid) and waveforms ﬁtted (dash) using the ﬁrst two
waveforms only (left and center) and all three waveforms (right). Adapted
from Campbell et al. (1990). (B) Ratio of large artery compliance estimates
viaWindkessel model (CWind) and tube-load model (CTube; Campbell et al.,
1990).
et al. (1990). For a local intervention, they inﬂated a balloon in
the iliac artery. The body-end tube compliance and all of the
head-end model parameters were not affected by this interven-
tion, whereas the compliance and resistances of the body-end load
were signiﬁcantly altered. Figure 7 illustrates these physiologically
consistent results. For global interventions, they administered a
vasoconstrictor and vasodilator. The compliances andothermodel
parameters changed in the expected direction in response to these
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FIGURE 7 | Percent changes in (A) head-end tube and load compliances (Cth and Clh) and (B) body-end tube and load compliances (Ctb and Clb)
estimated from central aortic pressure and flow and descending aortic flow waveforms after inflation of a balloon in the left external iliac artery.
Adapted from Shroff et al. (1995).
interventions similar to Campbell et al. (1990). However, one
notable difference was that the head-end tube compliance did not
change during vasodilation.
PULSE TRANSIT TIME MONITORING
SIGNIFICANCE
As indicated above, pulse transit time varies with the square root
of large artery compliance. Indeed, pulse transit time, in the form
of pulse wave velocity, is now the most popular index of arterial
stiffness for two reasons. First, it is an independent predictor of
all-cause mortality and cardiovascular events in hypertensive and
other patients (Mancia et al., 2007). Second, it can be estimated
from only arterial pressure waveforms, whereas direct estimation
of large artery compliance requires more difﬁcult arterial ﬂow
waveform measurements.
PREVIOUS TECHNIQUES
Conventionally, pulse transit time is estimated by measuring cen-
tral and peripheral arterial pressure waveforms with non-invasive
transducers and thendetecting the foot-to-foot timedelay between
the waveforms. The premise of this foot-to-foot detection tech-
nique is that interference from the backward wave is negligible
during late diastole and early systolewhen thewaveform feet occur.
However, wave reﬂection interference may not always be trivial at
the waveform feet. For example, at low heart rate, the backward
wave adds constructively to the forward wave. Thus, in this condi-
tion, the technique can grossly underestimate pulse transit time.
Just as important, the technique is not robust to artifact often
present in the non-invasive waveforms (Solà et al., 2010). These
two disadvantages of the foot-to-foot detection technique prevent
pulse transit time from realizing its potential clinical value. More-
over, in contrast to peripheral arterial pressure waveforms, central
arterial pressure waveforms are actually not easy to measure (Chen
et al., 1997). As a result, pulse transit time is not widely used in
clinical practice (Mancia et al., 2007).
Several other techniques are available for estimating pulse tran-
sit time/pulse wave velocity. However, for the most part, these
techniques have not revealed any practical advantage over the foot-
to-foot detection technique. As a relevant example, techniques
have been conceived for estimating the true pulse transit time (i.e.,
the pulse transit time in the absence of wave reﬂection) via a tube
model with a non-parametric load (see Milnor, 1989 and refer-
ences therein). However, these techniques are inconvenient in that
they necessitate three or more waveforms for measurement.
TUBE-LOAD MODEL PARAMETER ESTIMATION TECHNIQUES
Monitoring pulse transit time with tube-load model parameter
estimation techniques potentially has signiﬁcant advantages over
the previous techniques. Since the model includes the true pulse
transit time as an explicit parameter and characterizes the load
with only a few parameters, these techniques can yield an artifact-
robust estimate of the pulse transit time in the absence of wave
reﬂection from only central and peripheral arterial pressure wave-
formsor even apulse transit time estimate from just twoperipheral
arterial pressure waveforms.
Xu et al. (2010) and Zhang et al. (2011) estimated pulse tran-
sit time from central and peripheral arterial pressure waveforms
during cardiac pacing and various other hemodynamic interven-
tions. The authors speciﬁcally employed a single tube with Type
I load. Based on Eq. 8, they estimated the true pulse transit time
and the other two observable parameters by ﬁtting the central aor-
tic pressure waveform in response to a femoral arterial pressure
waveform. Since the entire waveforms, rather than just their feet,
were analyzed, they claimed that these pulse transit time estimates
would be more robust to artifact in addition to reﬂecting the pulse
transit time in the absence of wave reﬂection. To support this
claim, the authors compared the tube-load model parameter esti-
mation technique to the foot-to-foot detection technique in terms
of the ability of their pulse transit time estimates to track changes
in arterial pressure, a major, acute determinant of aortic stiffness
with an inverse relationship to arterial compliance. The tube-load
model parameter estimation technique showed tighter correlation
between the pulse transit time estimates and arterial pressure than
the foot-to-foot detection technique, especially during low signal-
to-noise and low heart rate conditions. Figure 8 illustrates that the
tube-load model parameter estimation technique revealed strong,
negative correlation at low heart rates, whereas the conventional
technique showed non-physiologic, positive correlation indicative
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FIGURE 8 | Measured arterial pressure versus pulse transit time (PTT) estimated from central aortic and femoral arterial pressure waveforms. Adapted
from Zhang et al. (2011).
of increasingunderestimationof pulse transit timewithdecreasing
heart rate.
Hahn et al. (2010) estimated pulse transit time from two dia-
metric peripheral arterial pressure waveforms measured at the
radial and femoral arteries. The authors speciﬁcally employed a
T-tube model with Type II load. To estimate the model parameters
without using the central aortic pressure waveform, they assumed
that the head-end and body-end effective reﬂection sites corre-
spond to the arterial beds distal to the radial and femoral arteries,
respectively. They used Eq. 8 to deﬁne the transfer functions relat-
ing the central aortic pressure waveform to the radial and femoral
arterial pressure waveforms as follows:
P
(
jω
)
=
[
(R1 + Zc1) ejωT1 + (R1 − Zc1) e−jωT1
]
+jωC1Zc1
[
(2R1 + Zc1) ejωT1 − Zc1e−jωT1
]
2R1
(
1 + jωZc1C1
) · P1 (0, jω)
=
[
(R2 + Zc2) ejωT2 + (R2 + Zc2) e−jωT2
]
+jωC2Zc2
[
(2R2 + Zc2) ejωT2 − Zc2e−jωT2
]
2R2
(
1 + jωZc2C2
) · P2 (0, jω) ,
(10)
where the subscripts 1 and 2 denote the radial and femoral arteries,
respectively. The authors were then able to estimate the true pulse
transit time parameters and the other four observable parameters
by ﬁtting the femoral arterial pressure waveform in response to
the radial arterial pressure waveform (or vice versa) via the second
equality in Eq. 10. To facilitate the parameter estimation, they con-
strained the pulse transit times so that their difference is equal to
the foot-to-foot time delay between the radial and femoral arterial
pressure waveforms. It is important to note that Eq. 10 may only
be used to estimate the model parameters, if the transfer functions
on the left- and right-hand sides of Eq. 10 do not share any poles
or zeros (i.e., the coprime condition Doyle et al., 2009). That is,
common poles and/or zeros would cancel each other out, and the
associated parameters would become unobservable in Eq. 10. In
addition to the coprime condition, the authors showed in ear-
lier work (Hahn et al., 2009a) that additional conditions must be
met in order to uniquely estimate the parameters in Eq. 10. They
further showed that these conditions can be fulﬁlled by appro-
priate choice of the peripheral arterial measurement sites and
sampling frequency. The estimated pulse transit time was highly
correlatedwith the foot-to-foot timedelay between the central aor-
tic (end of aortic arch) and peripheral arterial pressure waveforms.
Figure 9 shows the estimates (after an initial calibration with the
foot-to-foot time delay) versus the foot-to-foot time delays.
CENTRAL AORTIC PRESSURE MONITORING
SIGNIFICANCE
Systolic and diastolic pressures measured speciﬁcally in the central
aorta truly reﬂect cardiac afterload and myocardial perfusion. Fur-
ther, pressure exerted on the central (elastic) arteries, as opposed to
the peripheral arteries, is a major determinant of the degenerative
changes that occur in hypertension and aging (Agabiti-Rosei et al.,
2007). Because of its greater physiologic relevance, central arterial
pressure can provide superior clinical value. Indeed, central arte-
rial pressure, but not peripheral arterial pressure, has been shown
to be an independent predictor of morality and/or cardiovascu-
lar events in geriatric patients (Pini et al., 2008), end-stage renal
disease patients (Safar et al., 2002), and coronary artery disease
patients (Jankowski et al., 2008). Moreover, compared to periph-
eral arterial pressure, central arterial pressure has been shown
to correlate more strongly with age (Choi et al., 2010) and bet-
ter discriminate the severity of coronary artery disease (Waddell
et al., 2001). However, peripheral arterial pressure waveforms can
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FIGURE 9 | Pulse transit time estimated from radial and femoral
arterial pressure waveforms (after a single calibration) versus PTT
estimated from aortic and peripheral arterial pressure waveforms via
foot-to-foot detection. Adapted from Hahn et al. (2010).
be measured more easily and safely and are therefore typically
measured in practice. Thus, it would be of great value to be able to
monitor central aortic pressure from peripheral arterial pressure.
PREVIOUS TECHNIQUES
Several generalized transfer function techniques are available for
deriving the central aortic pressure waveform from a peripheral
arterial pressure waveform (Karamanoglu et al., 1993; Chen et al.,
1997; Fetics et al., 1999; Söderström et al., 2002; Hope et al.,
2003). These techniques involve creating an average black-box
(rather than physiology-based) transfer function using central
aortic and peripheral arterial pressure waveform measurements
from a group of subjects and then applying this transfer func-
tion to the peripheral arterial pressure waveform of a new subject
to predict the central aortic pressure waveform. The techniques
therefore do not adapt to the inter-subject and temporal vari-
ability of the arterial tree due to, for example, age-related large
artery compliance differences and neuro-humoral modulation of
peripheral resistance, and consequently may be prone to serious
error.
To improve accuracy, a technique to adapt the transfer function
to arterial parameters has become available more recently (Sugi-
machi et al., 2001). This technique deﬁnes the transfer function in
terms of the tube-load model parameters (i.e., inverse of Eq. 8).
The pulse transit time parameter is then measured for each subject
using a non-invasive measurement of any waveform indicative of
the timing of the central arterial pulse. However, similar to gener-
alized transfer function techniques, this technique uses population
averages for the remaining observable parameters and is therefore
only mildly adaptive.
TUBE-LOAD MODEL PARAMETER ESTIMATION TECHNIQUES
The central aortic pressure waveform can also be monitored from
peripheral arterial pressure waveforms using tube-load model
parameter estimation techniques. These techniques estimate all
observable transfer function model parameters by exploiting
a priori physiologic knowledge. Thus, the resulting transfer func-
tions are fully adaptive by virtue of continually re-estimating the
model parameters for each subject.
Hahn et al. (2009a) derived the central aortic pressure wave-
form from radial and femoral arterial pressure waveforms. The
authors speciﬁcally employed a T-tube model with Type II load,
as opposed to a black-box model (Swamy et al., 2007; Swamy
and Mukkamala, 2008). They estimated the model parameters
based on Eq. 10 in accordance with their parallel work (see Pulse
Transit Time Monitoring). Then, they derived the central aortic
pressure waveform by deconvolving the peripheral arterial pres-
sure waveforms from the resulting transfer functions in Eq. 10
using a ﬁltering technique they developed for stable deconvo-
lution of signals in multi-channel coprime systems. In addition
to the central aortic pressure waveform, the authors used the
model parameter estimates to derive the central aortic ﬂow wave-
form. Figure 10A shows a block diagram of their derivation of
the central aortic pressure and ﬂow waveforms. They speciﬁcally
used the six estimated parameters and the RC time constant, as
determined from the peripheral arterial pressure waveforms dur-
ing diastole, to determine all but one of the parameters of the
transfer function in Eq. 7b. They were then able to apply this
transfer function to the derived central aortic pressure waveform
to estimate the contour of the central aortic ﬂow waveform (i.e.,
without absolute gain factor). Finally, the authors developed a
metric that correlates with the quality of the estimated T-tube
model parameters. The metric is deﬁned as the distance between
the heart rate frequency and the frequency at which the transfer
function of the body-end tube model in Eq. 10 achieves its ﬁrst
maximum modulus. The rationale is that the ﬁdelity of the para-
meter estimates depends on how well the arterial pressure wave-
forms (with maximum energy located at the heart rate frequency)
excites the arterial tree at the ﬁrst maximum modulus frequency
(where the T-tube model is highly sensitive to all of the observ-
able model parameters). Figure 10B illustrates that the derived
central aortic pressure and ﬂow waveforms (the latter after an
initial calibration) agreed well with the corresponding measured
waveforms.
Swamy et al. (2009) derived the central aortic pressure wave-
form from a single peripheral arterial pressure waveform dur-
ing diverse hemodynamic interventions. The authors speciﬁcally
employed a single tube with essentially Type I load to relate a
peripheral arterial pressure waveform to the central aortic pres-
sure waveform through the inverse of Eq. 8. They then estimated
all three observable parameters by exploiting pre-knowledge that
central aortic ﬂow is negligible during diastole. More speciﬁcally,
using Eq. 5, they ﬁrst deﬁned the transfer function relating the
peripheral arterial pressure waveform to the central aortic ﬂow
waveform component to the peripheral artery in terms of the same
unknown model parameters as follows:
Qi
(
di , jω
) = 1
Zci
(
jω+ 1RiCi + 12ZciCi
)
ejωTi
− 12ZciCi e−jωTi
jω+ 1RiCi + 1ZciCi
·Pi
(
0, jω
)
. (11)
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FIGURE 10 | (A) Block diagram of derivation of the aortic pressure and central aortic ﬂow waveforms from radial and femoral arterial pressure waveforms. (B)
Measured (solid) and derived (dash) waveforms. Adapted from Hahn et al. (2009a).
They then estimated the common parameters by ﬁtting the
central aortic ﬂow waveform component to zero during dias-
tole (as estimated via heart rate Malik, 1996) in response to
a femoral arterial pressure waveform. To facilitate the parame-
ter estimation, they likewise obtained an initial pulse transit
time parameter estimate using a one-time, non-invasive mea-
surement of a central arterial waveform. Finally, they inserted
the parameter estimates into the inverse of Eq. 8 and applied
this transfer function to the femoral arterial pressure wave-
form to derive the central aortic pressure waveform. The derived
waveforms corresponded with reference central aortic pressure
waveforms signiﬁcantly better than those waveforms derived
with the previous techniques, even though these techniques
had the unfair advantage of being developed with a subset of
the reference waveforms. Figure 11 illustrates examples of the
derived and measured pressure waveforms during three different
interventions.
Hahn et al. (2008) derived the central aortic pressure wave-
form from a single peripheral arterial pressure waveform at the
head-end circulation (e.g., radial or ﬁnger artery) without requir-
ing a pulse transit time measurement. The authors speciﬁcally
employed a single tube with Type II load to relate the two wave-
forms through the inverse of Eq. 8 with Type II load. First, they
utilized the physiologic knowledge that the rate of change of the
central aortic pressurewaveform is smaller than that of the periph-
eral arterial pressure waveform. Thus, there exists a (sufﬁciently
high) sampling frequency for which the rate of change of only the
former waveform can be approximated as zero. By selecting this
sampling frequency, the following equation results:
{[
(R + Z ) ejωT + (R − Z ) e−jωT
]
+jωCZ
[
(2R + Z ) ejωT − Ze−jωT
]}
· jωP (0, jω)
= [2R (1 + jωZC)] · jωP (jω) ≈ 0
(12)
For a set of candidate pulse transit times, they were able to esti-
mate the other two observable parameters by ﬁtting the right-hand
side of this equation to zero in response to the time derivative of
the peripheral arterial pressure waveform. Second, to estimate the
pulse transit time, they applied a feature extraction technique to
the peripheral arterial pressure waveform. More speciﬁcally, they
utilized the physiologic knowledge that, at the central aorta, the
backward pressure wave from the head-end circulation will be
positioned between the forward systolic wave and the backward
pressure wave from the body-end circulation, which manifests
itself as the secondary diastolic peak in the forward wave. They
claimed that the forward systolic wave plus the head-end and
body-end backward waves superposed in this way minimizes the
sharpness of the central aortic pressure waveform (measured in
terms of the second derivative norm of the waveform). Indeed,
for small pulse transit time values corresponding to peripheral
arterial pressure waveforms, strong superposition of forward sys-
tolic and head-end backward waves occurs, which yields a high
systolic pressure that increases the sharpness of the waveform. On
the other hand, for very large pulse transit time values that are not
physiologically relevant, strong superposition of forward systolic
and body-end backward waves occurs, which essentially yield a
non-physiologic central aortic pressure waveform with a diastolic
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FIGURE 11 | Central aortic pressure waveforms measured (solid) and derived from a femoral arterial pressure waveform (dash). Adapted from Swamy
et al. (2009).
peak larger than its systolic counterpart. For each of the candidate
pulse transit time values, they inserted the three-parameter esti-
mates into the inverse of Eq. 8 with Type II load and applied this
transfer function to derive the candidate central aortic pressure
waveform. They then calculated its second derivative norm. The
central aortic pressure waveform was selected as the one with min-
imum sharpness among all candidate waveforms. Figure 12 shows
exemplary results of the derived central aortic pressure waveforms
in comparison with measured central aortic and radial arterial
pressure waveforms.
CONCLUSION
SUMMARY
The tube-load model of the arterial system represents an excellent
balance between accuracy and simplicity. That is, this model can
account for wave propagation and reﬂection phenomena (unlike
lumped-parameter models models) while being characterized by
only a few parameters that can be readily estimated from the lim-
ited arterial pressure and/or ﬂow waveforms typically available in
practice (unlike comprehensive distributed-parameter models).
As a result, tube-load model parameter estimation represents an
attractive platform for improved monitoring of arterial hemo-
dynamics. A number of tube-load model parameter estimation
techniques have appeared in the literature for monitoring wave
reﬂection, large artery compliance, pulse transit time, and central
aortic pressure. These techniques can offer signiﬁcant advantages
over previous waveform analysis techniques for monitoring these
quantities. Indeed, they (a) have yielded important insights into
the nature of wave reﬂections; (b) can allow for more convenient
monitoring of wave reﬂection and pulse transit time; and (c) can
permitmore accuratemonitoring of large artery compliance,pulse
transit time, and central aortic pressure. A notable hallmark of the
techniques is that their validation against referencemeasurements.
FUTURE DIRECTIONS
Although signiﬁcant progress has been made in the area of tube-
load model parameter estimation, there are still quite a few oppor-
tunities for future investigation. First, since peripheral arterial
pressure waveforms are most easily measured, the application
of tube-load model parameter estimation to these waveforms
deserves further attention. The development of techniques for
speciﬁcally estimating pulse transit time and central aortic ﬂow
from just a single peripheral arterial pressure waveform would
be of tremendous clinical value. Second, the methods for para-
meter estimation require signiﬁcant improvement. In particular,
the development of efﬁcient methods for honing in on the global
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FIGURE 12 | Measured aortic and radial arterial pressure waveforms and aortic pressure waveform derived from the radial arterial pressure waveform.
Adapted from Hahn et al. (2008).
optimum and useful physiologic bounds on the parameters would
constitute a major contribution. Some combination of brute-force
and local search methods may represent a good starting point.
Third, investigation of the added value in using higher order loads
that account for peripheral inertance for example would also be
worthwhile. Finally and most importantly, continued validation
of the techniques is necessary. The techniques have only been val-
idated as applied to invasive waveforms from animals up to now.
Therefore, validation in humans and as applied to non-invasive
waveforms is a must (see, e.g., Hahn et al., 2009b). It would also be
important to validate the pulse transit time estimates against gold
standard measurements of large artery compliance and determine
whether the techniques are applicable to waveforms measured at
any peripheral arterial site or just certain sites.
POTENTIAL APPLICATIONS
With further investigation, tube-load model parameter estimation
techniques have several potential applications. That is, the tech-
niques for monitoring wave reﬂection and large artery compliance
could be applied to invasive arterial pressure and ﬂow waveforms
from animal models to advance the understanding of arterial
hemodynamics in health and disease. In addition, the techniques,
especially for monitoring central aortic pressure, could be conve-
niently employed in critically ill patients with peripheral arterial
catheters already in place for more precise titration of therapy
(Chen et al., 1997). Finally, and most importantly, the techniques
for monitoring pulse transit time and central aortic pressure in
particular could be applied to non-invasive arterial pressure wave-
forms obtained with applanation tonometry or ﬁnger-cuff pho-
toplethysmography to improve the management of hypertensive
and other outpatients as suggested by clinical guidelines (Mancia
et al., 2007).
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